INTRODUCTION
============

One of the most important challenges in the treatment of breast cancer patients is recurrence and metastasis after initial surgery, and an early assessment of metastatic risk and the likelihood of treatment response are important in individualized therapy. Evidence from both *in vitro* and *in vivo* experiments suggests that breast tumors are highly heterogeneous, and that cancer cells can have diverse phenotypes and properties \[[@B1]\]. As certain subpopulations of cells might have a particularly high potential to cause recurrence and distant metastasis, elucidating their properties could provide a better understanding of these processes.

One possible explanation for the heterogeneous but hierarchical state of breast tumors is the cancer stem cell theory, which suggests that only a subgroup of breast cancer cells have tumor-initiating ability, and these are often referred to as breast cancer stem cells (BCSCs). Cancer stem cells have been identified in almost all cancers \[[@B2][@B3][@B4][@B5][@B6][@B7][@B8][@B9]\], and have been found to enhance tumorigenicity, self-renewal, and multilineage differentiation capabilities. These features allow *de novo* tumor formation through the recapitulation of the whole tumor population from a single cancer stem cell \[[@B10]\]. In addition, BCSCs more frequently undergo epithelial to mesenchymal transition (EMT) \[[@B11]\], and have an innate resistance to cytotoxic treatment \[[@B12]\]. Their very high malignant potential makes it difficult to completely eradicate residual cancer cells during treatment, and they are now usually considered a major source of recurrence and distant metastasis \[[@B11]\]. Clinical biomarkers for these cells may have clinical, prognostic, and therapeutic significance.

Many potential molecular phenotypes of BCSCs have been reported, the first of which was CD44^+^/CD24^-/low^/ESA^+^ together with negative staining for CD2, CD3, CD10, CD16, CD18, CD31, CD64, and CD140b (lineage-) in 2003 by Al-Hajj \[[@B2]\]. As few as 200 of these cells were able to form tumors after xenotransplantation into nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice, whereas the transplantation of thousands of other malignant epithelial cells did not result in tumor growth \[[@B13]\]. CD49f and epithelial cell adhesion molecule (EpCAM, also referred to as CD326 or epithelial-specific antigen) have been widely used as differentiation markers of normal and tumor gland cells \[[@B14]\]. The mammary regeneration capacity of EpCAM^low^/CD49f^+^ cells was demonstrated by a transplantation study using NOD/SCID mice, and its clonogenic activity was confirmed by *in vitro* studies \[[@B15]\]. While an EpCAM^high^/CD49f^-^ phenotype represents differentiated luminal cells, the EpCAM^low^/CD49f^+^ subpopulation was enriched for bipotent mammary stem cell (MaSC) progenitors \[[@B15]\].

As the EpCAM^low^/CD49f^+^ subpopulation is enriched for MaSC progenitors and shows mammary regeneration capacity in NOD/SCID mice, these cells are considered to have the capacity to differentiate into both mature luminal and myoepithelial cells. In this study, we labeled EpCAM^-^/CD49f^+^ cancer cells and evaluated their clinical, pathological, and therapeutic significance.

METHODS
=======

Patients and sample preparation
-------------------------------

We studied 161 randomized breast tumor tissues samples from a cohort of 276 patients who were diagnosed with breast cancer, and who underwent surgery to have the tumor removed in the West China Hospital between 2006 and 2009. Disease-free survival (DFS) and overall survival (OS) were defined as the time between the initial surgery and local or distant metastatic relapse, and between surgery and death, respectively. We prepared tissue microarray (TMA) cores 1.5 mm in diameter from the formalin-fixed paraffin-embedded samples. Two cores from each tumor were incorporated into the array. Approval for the study was granted by the Ethics Committee of West China Hospital (number: 2013-191).

Dual immunohistochemistry and immunofluorescence staining
---------------------------------------------------------

Dual immunohistochemistry (IHC) and immunofluorescence (IF) staining were performed as previously described \[[@B13]\]. IHC was performed using antibodies against EpCAM (TA310957, 1:300; OriGene, Rockville, USA) and CD49f (TA506627, 1:150; OriGene) with an Autostainer with the EnVision G\|2 Double Stain System ((DAKO company, Code K5361, Glostrup, Denmark) Rabbit/Mouse (DAB+/Permanent Red) according to the manufacturer\'s instructions. EpCAM was detected with Permanent Red and CD49f was detected using diaminobenzidene (DAB).

For IF staining, primary antibodies against EpCAM (TA310957, 1:300; OriGene) and CD49f (TA506627, 1:150; OriGene) were used. Secondary antibodies with coordinate species conjugated to either Alexafuor 488 (4412S, 1:200; CST, Boston, USA) or 546 (21206, 1:200; Invitrogen, Life Technologies, Eugene, USA) were used for detection. Nuclei were identified by staining with 4\', 6-diamidino-2-phenylindole (DAPI, D9542-5MG, 1:10,000; Sigma-Aldrich, Carlsbad, USA). Finally, the slides were washed and covered with mounting media. Images were captured with a Zeiss LSM laser microscope.

In invasive ductal carcinoma (IDC) samples, EpCAM-positive cells were defined as those that stained positively with permanent red at any intensity. CD49f-positive cells were defined as those that were DAB positive at any intensity. The proportion of EpCAM^-^/CD49f^+^ tumor cells was determined as the percentage of cells negative for permanent red staining but positive for DAB staining. Likewise, the percentage of EpCAM^+^/CD49f^+^ cells and EpCAM^+^/CD49f^-^ cells were estimated. For IF staining, EpCAM was stained with a secondary antibody conjugated with Alexa Fluor 546 (red) and CD49f was recognized by green fluorescence.

Tumor tissue histological analysis
----------------------------------

Hematoxylin and eosin (H&E) and IHC slides were assessed by pathologists at West China Hospital. The epithelial growth factor receptor, cytokeratin 5/6 (CK5/6), estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) status of each tumor was obtained from the patient\'s pathology report. HER2 staining was analyzed according to the American Society of Clinical Oncology guidelines.

CD49f staining was mainly cytoplasmic, and dual IHC staining and counting was performed as described for CD24 \[16\]. The definitions used for the different breast cancer molecular subtypes were as follows: luminal A like (ER positive \[ER+\] and/or PR positive \[PR+\], and HER2 negative \[HER2-\]); luminal B like (ER+ and/or PR+, HER2+); basal-like (ER-, PR-, HER2-, cytokeratin 5/6 positive, and/or HER1+); HER2+/ER- (ER-, PR-, HER2+), and unclassified (negative for all five markers).

Statistical analysis
--------------------

Associations between the presence of different EpCAM/CD49f phenotypes and clinical variables as well as breast cancer subgroups were assessed using the Pearson chi-square and Fisher exact test. The Kaplan-Meier method was used to estimate DFS and OS, and the log-rank test was used to compare survival between groups. All tests were two-sided and *p*\<0.05 was considered statistically significant. Multivariate survival analysis was performed using the Cox proportional hazard model. All statistical tests were carried out using SPSS version 16.0 software (SPSS Inc., Chicago, USA), except for Kaplan-Meier survival curves, which were generated using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, USA).

RESULTS
=======

Prevalence of EpCAM^-^/CD49f^+^ tumor cells
-------------------------------------------

To identify putative BCSCs, we performed dual-IHC ([Figure 1A-D](#F1){ref-type="fig"}) and IF staining ([Figure 1E-P](#F1){ref-type="fig"}) on the TMA samples, in addition to single IHC and IF staining (using only one antibody) as a quality control. In breast tumor cells, EpCAM was predominantly expressed on the membrane, whereas CD49f was mainly present in cytoplasm, and both proteins showed distinct expression patterns in inter- and intratumor areas. Some tumor cells only expressed EpCAM ([Figure 1A and Figure 1E-H](#F1){ref-type="fig"}, white arrow), some only expressed CD49f ([Figure 1B and Figure 1I-L](#F1){ref-type="fig"}, red arrow), some expressed neither protein ([Figure 1C](#F1){ref-type="fig"}), and some expressed both proteins ([Figure 1D and Figure 1M-P](#F1){ref-type="fig"}, yellow arrow). EpCAM/CD49f expression was assessed in tumor samples from all 161 breast cancer patients. The proportion of tumor cells that were EpCAM^-^/CD49f^+^ ranged between 0% and 80% (data not shown).

Baseline clinical characteristics
---------------------------------

Samples from only 161 of the 276 patients (58%) could be incorporated into the TMA for dual IHC and IF staining. Owing to insufficient clinical data and incomplete follow-up records, the clinicopathological characteristics of only 150 patients could be analyzed, all of whom were women, with a mean age of 49.7±9.05 years (range, 29-77 years). The majority of these patients (148/150, 98.7%) were diagnosed with IDC. The median follow-up time was 73.2 months, and the median DFS was 64.8 months. The significance of clinicopathological characteristics and prognostic factors was assessed using the Kaplan-Meier analysis and the log-rank test. As excepted, age (DFS, *p*=0.038), Histologic grade (DFS, *p*=0.014; OS, *p*=0.043), tumor size (DFS, *p*=0.022), nodule status (DFS, *p*\<0.001; OS, *p*\<0.001), PR status (DFS, *p*=0.014; OS, *p*=0.043), distant metastasis (DFS, *p*\<0.001; OS, *p*\<0.001), and recurrence (DFS, *p*\<0.001; OS, *p*\<0.001) were significant prognostic factors for a poor clinical outcome ([Table 1](#T1){ref-type="table"}).

Relationship between the presence of EpCAM^-^/CD49f^+^ tumor cells and histopathological characteristics
--------------------------------------------------------------------------------------------------------

We also evaluated the relationship between EpCAM^-^/CD49f^+^ cells in IDC with specific tumor histopathological characteristics such as age, grade, tumor size, nodal status, ER status, PR status, distant metastasis, and recurrence ([Figure 2](#F2){ref-type="fig"}). The presence of EpCAM^-^/CD49f^+^ cancer cells in the tumor was significantly associated with a higher tumor grade (*p*=0.031) ([Figure 2C](#F2){ref-type="fig"}), and a higher probability of distant metastasis (*p*=0.048) ([Figure 2E](#F2){ref-type="fig"}). Tumor size, node status, recurrence, and ER and PR expression status were not associated with the presence of EpCAM^-^/CD49f^+^ cancer cells in the tumor. We also assessed the relationship between the presence of EpCAM/CD49f cells in tumors and the breast cancer molecular subtype (as classified by IHC), although no significant associations were found (data not shown).

EpCAM^-^/CD49f^+^ tumor cells and breast cancer prognosis
---------------------------------------------------------

To determine whether the presence of EpCAM^-^/CD49f^+^ cells in breast tumors was associated with disease progression (recurrence and distant metastasis) and patient survival, we performed univariate and multivariate survival analyses on the entire cohort. In univariate survival analysis the presence of EpCAM^-^/CD49f^+^ tumor cells had a significant, negative association with both DFS and OS (*p*=0.009 and *p*=0.001, respectively) ([Supplementary Table 1](#S2){ref-type="supplementary-material"}, available online, and [Figure 3](#F3){ref-type="fig"}). EpCAM^+^/CD49f^-^, EpCAM^+^/CD49f^+^ and EpCAM^-^/CD49f^-^ cells were evaluated as a control, and showed no significant association with DFS or OS in univariate survival analysis ([Supplementary Table 1](#S2){ref-type="supplementary-material"}, [Supplementary Figure 1](#S1){ref-type="supplementary-material"}, available online).

In the multivariate analysis using Cox proportional hazard models, age, tumor grade, tumor size, and nodal, ER, PR, and HER2 status were included as covariates for the presence of EpCAM/CD49f cells. EpCAM^-^/CD49f^+^ cells were predictive of shorter DFS (*p*=0.010; hazard ratio \[HR\], 2.070; 95% confidence interval \[CI\], 1.188-3.608) and OS (*p*=0.020; HR, 3.235; 95% CI, 1.551-6.748) ([Supplementary Table 2](#S3){ref-type="supplementary-material"}, available online). EpCAM^+^/CD49f^+^, EpCAM^+^/CD49f^-^, and EpCAM^-^/CD49f^-^ cells were analyzed as a control. Neither EpCAM^+^/CD49f^-^ nor EpCAM^-^/CD49f^-^ cells were prognostic factors for DFS and OS, although the presence of EpCAM^+^/CD49f^+^ cells was associated with a shorter OS.

DISCUSSION
==========

Metastasis is the main cause of breast cancer treatment failure and death \[[@B10]\], and there has been extensive research aimed at understanding the mechanism of metastasis. This has allowed more accurate prognoses and more individualized treatments. As breast cancer is highly heterogeneous at both the histological and molecular level, different cancer cells within the same tumor may have distinct characteristics \[[@B17]\]. The specific properties of a tumor, for example EMT, invasion, growth, and local and distant metastasis, might largely depend on tumor cell subpopulations with high EMT activity, a rapid cell cycle, and invasive characteristics.

It is now well established that integrins are involved in cell adhesion, migration, polarity, survival, growth, and death \[[@B18][@B19]\]. CD49f (integrin α6), in particular, has been associated with breast cancer aggressiveness in many studies \[[@B20][@B21]\]. CD49f expression is also increased in other malignancies, such as melanoma, esophageal squamous cell carcinoma, head and neck carcinoma, and prostate cancer \[[@B22][@B23][@B24][@B25]\]. Haraguchi et al. \[[@B26]\] reported that CD49f positive cells could initiate colon tumor growth. In our multivariate analysis of data including age, tumor grade, and tumor size, and nodal, ER, PR, and HER2 status, the presence of EpCAM^-^/CD49f^+^ cells had significant prognostic value for OS.

EpCAM is a 30- to 40-kDa type I membrane glycoprotein. It is expressed in a variety of human epithelial tissues, cancers, and progenitor and stem cells, and functions as a homotypic intercellular adhesion molecule. In tumor tissues, it is reported that the adhesive properties of EpCAM might prevent metastasis because intercellular adhesion should limit the ability of cells to migrate \[[@B27]\]. EpCAM has also been identified as a marker for cancer-initiating stem cells, which makes it an even more interesting target for cancer therapy \[[@B28]\]. CD49f and EpCAM expression is frequently used to identify the development of normal gland cells \[[@B14]\]. Previous reports indicated that luminal cells express EpCAM, and that differentiated luminal cells have an EpCAM^high^/CD49f^-^ phenotype. While the EpCAM^high^/CD49f^+^ cell population contains \"luminal progenitors,\" the EpCAM^-/low^/CD49f^+^ phenotype characterizes MaSC progenitors. This subgroup can differentiate into both mature luminal and myoepithelial cells. Thus, we propose that EpCAM^-/low^/CD49f^+^ cells may be enriched in BCSC populations, and hence, the EpCAM^-/low^/CD49f^+^ phenotype is a characteristic of cancer stem cells in the tumor, and may also predict metastasis and have prognostic and therapeutic value \[[@B15]\]. Treatment resistance is an important challenge in breast cancer. Putative cancer stem cells are widely accepted as mediators of resistance to clinical treatment \[[@B29]\], and likewise, BCSCs are reported to have an innate resistance to cytotoxic agents and other clinical treatments \[[@B12]\]. We therefore speculate that the putative BCSCs may act as a source of cells that prevents the complete eradication of tumors by standard anticancer therapies. More importantly still, BCSCs may have significant prognostic value and help guide personalized treatment plans.

In conclusion, we identified EpCAM^-/low^/CD49f^+^ cells within BCSC populations and assessed their relationship with clinicopathological parameters and clinical outcomes in breast cancer patients. Our findings suggests that breast tumors containing EpCAM^-^/CD49f^+^ or CD49f^+^ cancer cells are associated with a higher probability of distant metastasis after initial surgery, and poor clinical outcomes with respect to both DFS and OS.
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###### Supplementary Figure 1

Univariate survival analysis of EpCAM/CD49f with disease-free survival (DFS) and overall survival (OS). (A-F) All the patients\' tumor samples were stained with EpCAM and CD49f. The prevalence of EpCAM^+^/CD49f^+^, EpCAM^+^/CD49f^-^, and EpCAM^-^/CD49f^-^ were analyzed as control, and no significant association were checked with DFS and OS.

###### Correlation of prevalence of EpCAM/CD49 with breast cancer prognosis (univariate analysis)

![](jbc-18-242-s002)

                          No. (%)      DFS     OS               
  ----------------------- ------------ ------- ------- -------- -------
  EpCAM^-^/CD49f^+^ (%)   150          6.876   0.009   11.814   0.001
   0                      103 (68.7)                            
   \>0                    47 (31.3)                             
  EpCAM^+^/CD49f^-^ (%)   150          1.659   0.198   0.233    0.629
   0                      94 (62.7)                             
   \>0                    56 (37.3)                             
  EpCAM^+^/CD49f^+^ (%)   150          2.761   0.097   2.754    0.097
   0                      110 (73.3)                            
   \>0                    40 (26.7)                             
  EpCAM-/CD49f^-^ (%)     150          0.631   0.427   0.180    0.671
   0                      26 (17.3)                             
   \>0                    124 (82.7)                            

EpCAM=epithelial cell adhesion molecule; DFS=disease-free survival; OS=overall survival.

###### Correlation of prevalence of EpCAM/CD49 with breast cancer prognosis (multivariate analysis)

![](jbc-18-242-s003)

                          No. (%)      DFS                   OS                            
  ----------------------- ------------ --------------------- --------------------- ------- --
  EpCAM^-^/CD49f^+^ (%)   150          0.010                                       0.002   
   - (0)                  103 (68.7)   1                     1                             
   + ( \> 0)              47 (31.3)    2.070 (1.188-3.608)   3.235 (1.551-6.748)           
  EpCAM^+^/CD49f^+^ (%)   150          0.061                                       0.042   
   - (0)                  110 (73.3)   1                     1                             
   + ( \> 0)              40 (26.7)    1.813 (0.974-3.377)   2.250 (1.031-4.907)           
  EpCAM^+^/CD49f^-^ (%)   150          0.267                                       0.455   
   - (0)                  94 (22.3)    1                     1                             
   + ( \> 0)              56 (77.7)    1.357 (0.792-2.323)   1.308 (0.647-2.646)           
  EpCAM^-^/CD49f^-^ (%)   150          0.302                                       0.444   
   - (0)                  26 (17.3)    1                     1                             
   + ( \> 0)              124 (82.7)   0.713 (0.376-1.351)   0.721 (0.312-1.666)           

EpCAM=epithelial cell adhesion molecule; DFS=disease-free survival; OS=overall survival; HR=hazard risk; CI=confidence interval.

![Dual-immunohistochemistry (IHC) and immunofluorescence (IF) staining on tissue microarray (TMA) slides. Dual-IHC and IF staining with primary antibodies of EpCAM and CD49f were performed on TMA tissue. (A) Patients only contain EpCAM-positive cancer cells (membrane); (B) Patient show only CD49f-positive cancer cells (cytoplasm); (C) Case express none or both (D) biomarkers. In IF staining (E-P), green signal shows the expression of CD49f, red signal shows EpCAM with DAPI staining for nuclei. (E-H) One case that tumor cell expression only EpCAM on the membrane (white arrows); (I-L) One case that tumor cell express only CD49f (red arrow); (M-P) One case with tumor cells express both (yellow arrow) (for both IHC and IF, magnification is actually ×400).](jbc-18-242-g001){#F1}

![Prevalence of EpCAM^-^/CD49f^+^ with histopathologic characteristics. Analyzing of 150 breast cancer samples stratified to tumor size (A), node status (B), tumor grade (C; low=grade I and II, high=grade III), recurrence (D), distant metastasis (E), and estrogen receptor (ER) expression (F). Tumor containing EpCAM^-^/CD49f^+^ are associated with higher tumor grade (C; *p*=0.031) and distant metastasis (E; *p*=0.048). Chi-square exact and Fisher exact test were performed.](jbc-18-242-g002){#F2}

![Univariate survival analysis of EpCAM^-^/CD49f^+^ with disease-free survival (DFS) and overall survival (OS). All the patients\' tumor samples were stained with EpCAM and CD49f. (A, B) The present of EpCAM^-^/CD49f^+^ tumor cells have significant negative association with both DFS and OS (EpCAM^-^/CD49f^+^: *p*~DFS~=0.009; *p*~OS~=0.001).](jbc-18-242-g003){#F3}

###### Baseline clinical characteristics

![](jbc-18-242-i001)

  Characteristic       No. (%)^\*^   DFS      OS                  
  -------------------- ------------- -------- --------- --------- ---------
  Histology            150           0.001    0.981     0.652     0.419
   IDC                 148 (98.7)                                 
   Others              2 (3.3)                                    
  Age (yr)             150           4.327    0.038     2.908     0.088
   \<45                48 (32.0)                                  
   ≥45                 102 (68.0)                                 
  Histologic grade     150           8.567    0.014     6.259     0.043
   I                   3 (2.0)                                    
   II                  51 (34.0)                                  
   III                 96 (64.0)                                  
  T staging            150           11.667   0.022     3.347     0.501
   Tis-1               39 (26.0)                                  
   T2                  84 (56.0)                                  
   T3                  19 (12.7)                                  
   T4                  11 (5.3)                                   
  Nodal status         150           20.582   \<0.001   22.502    \<0.001
   N0                  61 (40.7)                                  
   N1                  38 (25.3)                                  
   N2                  31 (20.1)                                  
   N3                  20 (13.3)                                  
  Metastasis           150           0.503    0.478     0.391     0.532
   M0                  145 (96.1)                                 
   M1                  5 (3.9)                                    
  Menopause            150           0.011    0.916     0.708     0.400
   Yes                 79 (52.7)                                  
   No                  71 (47.3)                                  
  ER status            149           0.594    0.441     1.066     0.302
   Positive            97 (65.3)                                  
   Negative            52 (34.7)                                  
  PR status            149           7.176    0.007     4.252     0.039
   Positive            53 (35.5)                                  
   Negative            96 (64.5)                                  
  HER2 status          149           5.610    0.132     7.586     0.055
   Positive            22 (17.1)                                  
   Negative            97 (75.2)                                  
  Distant metastasis   150           66.310   \<0.001   156.664   \<0.001
   Yes                 51 (33.4)                                  
   No                  99 (66.6)                                  
  Recurrence           150           16.707   \<0.001   38.615    \<0.001
   Yes                 11 (8.3)                                   
   No                  139 (91.7)                                 

DFS=disease-free survival; OS=overall survival; IDC=invasive ductal carcinoma; ER=estrogen receptor; PR=progesterone receptor; HER2=human epithelial growth factor receptor 2.

^\*^Number differences reflect missing data.
